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Gas-phase selective reactions have been studied in silane/propene mixtures by ion-trap
mass spectrometry and density functional calculations. Products from the third step of
reaction of SiH+ ions with SiH4 and C3H6 were selected and reacted in the cell of a quadrupole
ion trap. The prior steps have been the subject of a previous study by this research group.
While ions Si3H5

+, Si4H7
+, and SimCnHp

+ react selectively with propene, collisions with silane
do not lead to any detectable product besides self-condensation of silane. Experimental and
collisional rate constants of the main processes have been compared, determining reaction
efficiencies. Chain propagation proceeds until the formation of large clusters, such as
Si2C5H13

+, Si3C2Hn
+ (n ) 9, 11), and Si4C2H11

+, is attained. The critical points on the B3LYP/
6-311G(d,p) potential energy surfaces of the Si2H3

+/C3H6 and Si3H5
+/C3H6 systems have been

found, describing the structures of the most stable reaction products. The observed selectivity
toward propene of species Si2CH5

+ and Si3CH7
+ with respect to two alternative reaction

channels (silane or propene) is explained in terms of relative reaction entropies of the
corresponding adducts.

1. Introduction

Both fundamental and applied studies of gas-phase
reactions between ion species and neutral molecules are
attracting increasing interest,1 as in chemical vapor
deposition of thin films by ion clusters from ion/molecule
reactions in activated gaseous mixtures.2 While the
reactivity in condensed phases is usually affected by ion
pairing and solvation interactions, gas-phase studies
allow exploitation of the intrinsic reactivity of charged
species.3 Of prominent relevance is information on
mechanisms of clustering reactions and determination
of rate constants for the initial chain propagation steps.
In fact, this knowledge can direct the choice of experi-
mental conditions aimed toward optimizing abundances
of the appropriate ion species affording amorphous
solids of the desired composition and properties.4 Theo-
retical studies complement experimental findings and

improve knowledge of mechanistic details, as structures
of intermediates and products, reaction energy profiles,
and thermodynamical data.2a,5

In the past, both experimental investigations on
mechanisms and kinetics of self-condensation reactions
of SiH4 and complementary quantum chemistry calcula-
tions have been reported.5c,d In particular, mixtures of
SiH4 and hydrocarbons have been studied under high-
pressure conditions6 and recently investigated in our
laboratory by ion-trap mass spectrometry.5p,7 These
systems become suitable starting reagents in the chemi-
cal vapor deposition of amorphous silicon carbides after
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the appropriate activation by laser, X-ray, or other
methods. The high efficiency of mixed ions SimCnHp

+

toward C3H6 (rather than SiH4) is a remarkable feature
of the ion chemistry of this system. While reaction
mechanisms and rate constants of the initial kinetic
steps leading to the formation of silicon and carbon-
containing ion clusters in silane/propene mixtures have
previously been published,7a this work extends the
experimental investigation to later steps of the polym-
erization.

The significant selectivity displayed by these systems
prompted us to investigate further, and we report in this
paper experimental results on reaction channels leading
to ion clusters of larger size. We set our goal to establish
if trends of the initial reaction steps described in ref 7a
are also followed in the ensuing chain propagation
paths. Theoretical analyses explore the relevant reaction
pathways and single out the dominant factors deter-
mining the high selectivity never before observed in gas-
phase processes in mixtures of silane or germane with
hydrocarbons.

2. Experimental Section

2.1. Materials. Silane (99.997% purity) and propene (99.99%)
were supplied by SIAD. The SiH4/C3H6 mixture was prepared
in the ion-trap cell by connection of the flasks to the gas inlet
system. Helium buffer gas was purchased from SIAD at the
extrahigh purity of 99.9999%.

2.2. Mass Spectrometry. All experiments have been
performed on an ITMS Finnigan mass spectrometer. Gas
pressures were measured with a Bayard Alpert ionization
gauge and corrected accounting for the relative sensitivity of
the ion gauge to different gases.8 Pressures were also corrected
by an additional calibration factor, as previously reported.9
Helium was introduced into the trap at a pressure of ∼4 ×
10-4 Torr (1 Torr ) 133 Pa). The trap temperature was set at
333 K, as in previous studies of related systems. The manifold
and lines for the introduction of reactant gases were baked
frequently to prevent side reactions with the background
water. In all experiments ions were detected in the 14-300 u
mass range. Scan modes used to determine reaction mecha-
nisms have previously been described in detail, as well as
procedures for the calculation of rate constants.4b,5g,9 Samples
are ionized by impact with an electron beam at ∼35 eV. A time
lag after the ionization event maximizes relative intensities
of ions under examination and is followed by isolation of the
selected ions, their storage in the trap for convenient reaction
times, and their acquisition.

The single exponential decays observed in kinetic experi-
ments are consistent with the hypothesis that reactant ions
eliminate most of their excitation energy through collisions.

2.3. Methods of Calculation. Quantum chemistry calcula-
tions were carried out using the Gaussian98 suite of pro-
grams10 utilizing gradient geometry optimization.11 All struc-
tures were fully optimized at the B3LYP level of theory.12 The
6-311G(d,p) basis set has been used throughout the study.
Vibrational frequency calculations were used to characterize
the stationary points as either minima or first-order saddle

points at the level indicated. Molecular structures have been
plotted with the program Moldraw.13

3. Results and Discussion

3.1. Mass Spectrometry. The first three reaction
steps of ion/molecule reactions in silane/propene mix-
tures have been investigated in a previous paper.7a The
observed formation of ions containing both Si and C
(mixed ions) mainly takes place through reactions with
propene as the neutral reactant. Selectivity toward
propene was also observed for all the charged species
in the reaction sequences originated from SiHn

+ (n )
0-3) primary ions; however SiH+ displayed the highest
yield in clustering processes. Therefore, its chain propa-
gation has been considered in this work, selecting and
reacting the products of the third reaction step, until
the abundances of ions allowed collection of reproducible
results. These reaction mechanisms are summarized in
Scheme 1, where the reactions previously investigated
are reported above the dashed line.

Mixed ion species studied experimentally in this work
react selectively with propene, yielding clusters of
increasing size, whereas no product of reaction with
molecules of silane has been observed. Figure 1 shows
an example of this behavior, with mass spectra recorded
40 ms after isolation and reaction of SiC2H7

+ (a), Si3-
CH7

+ (b), and Si2C3H7
+ (c) in the 1:1 silane/propene

mixture. All reacting ions exhibit the addition of C3H6
and the loss of ethene as the most common reaction
pathway. In a parallel step, Si2C2H7

+, Si2C3H9
+, and Si3-

CH7
+ also react with the loss of an ethyne molecule. The

chain propagation of Si2C2H7
+ through three consecutive

steps is also followed by formation of the large cluster
Si2C5H13

+.
Experimental rate constants of the above processes,

collisional rate constants, and reaction efficiencies are
reported in Table 1. Processes listed in Table 1 are
generally slower with respect to the first reaction steps,
but most are fast enough to afford appreciable intensi-
ties of product ions. It is worth noting that the addition
of a CH2 moiety (C2H4 elimination) is always faster than
the corresponding addition of a CH4 fragment (C2H2
elimination). Reliable rate constants for the formation
of reaction products could not always be determined due
to the low abundance of the ions involved.

The selectivity of mixed species toward propene was
quite intriguing, and a theoretical study has been
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Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian98; Gaussian, Inc.:
Pittsburgh, PA, 1998.

(11) Gonzalez, C.; Schlegel, H. B. J. Chem. Phys. 1989, 90, 2154.
(12) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Stevens, P.

J.; Devlin, F. J.; Chablowski, C. F.; Frisch, M. J. J. Phys. Chem. 1994,
80, 11623.

(13) (a) Ugliengo, P.; Viterbo, D.; Borzani, G. J. Appl. Crystallogr.
1988, 21, 75. (b) Ugliengo, P.; Borzani, G.; Viterbo, D. Z. Crystallogr.
1988, 185, 712. (c) Ugliengo, P.; Viterbo, D.; Chiari, G. Z. Crystallogr.
1993, 207, 9.

4594 Organometallics, Vol. 20, No. 22, 2001 Canepa et al.

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 2
9,

 2
00

9
Pu

bl
is

he
d 

on
 O

ct
ob

er
 5

, 2
00

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
01

03
39

+



undertaken to investigate the thermodynamical features
of these reactions. To this purpose, the reaction mech-
anisms starting from Si2H3

+ and Si3H5
+ have been

studied by density functional calculations.
3.2. Theoretical Study. 3.2.1. Reaction of Si2H3

+

with Propene. The first step of the overall sequence
of gas-phase reactions of Si2H3

+ leading to the mixed
ion clusters SimCnHp

+ is schematically summarized in

reaction I. The secondary ion Si2CH5
+ and ethene are

formed through the adduct species Si2C3H9
+, not ob-

served experimentally.

In a subsequent step the cation Si2CH5
+ further reacts

selectively with propene (reaction II) to give Si2C2H7
+

and C2H4 through the adduct Si2C4H11
+ (15). No charged

product of reaction with silane (16, reaction III) through
the Si3CH9

+ adduct (17) is observed. Both adducts 15
and 17 are not detected experimentally.

A theoretical study of the first polymerization steps
provides insight into the favored formation of Si2C4H11

+

(reaction II) with respect to Si3CH9
+ (reaction III).

(a) Step I. The ion-molecule interaction of tribridged
cation 1 (its potential energy surface has been described
by Raghavachari,14 Köhler, and Lischka15) with propene
(2) forms the adduct 3, 25.95 kcal mol-1 below isolated
reactants (Figure 2). Both Si atoms in 1 interact with
the three hydrogens. The π system of propene in species
3 bridges unsymmetrically to Si, at 2.221 and 2.094 Å,
respectively. Correspondingly, this interaction elongates
the double bond of propene by 0.072 Å.

The virtual absence of a barrier for the subsequent
hydrogen shift from the methyl group of propene to the
bridging Si atom in TS-4 suggests that formation of ion
5 (Figure 3) is a very fast process that leads to a
structure with a HSi-SiH3 group symmetrically inter-
acting with an allyl moiety. This interaction lowers the
potential energy (including the zero-point contribution,
∆UZPE) to -49.95 kcal mol-1 with respect to isolated

(14) Raghavachari, K. J. Chem. Phys. 1991, 95, 7373.
(15) Köhler, H. J.; Lischka, H. Chem. Phys. Lett. 1984, 112, 33.

Scheme 1

Figure 1. Mass spectra of the 1:1 SiH4/C3H6 mixture after
40 ms of reaction of the SiC2H7

+ (a), Si3CH7
+ (b), and

Si2C3H7
+ (c) selectively isolated ions.

Si2H3
+ (1) + C3H6 (2) f Si2C3H9

+ (3-9) f

C2H4 (10) + Si2CH5
+ (11-14) (I)

Si2CH5
+ (12) + C3H6 (2) f Si2C4H11

+ (15) f

Si2C2H7
+ + C2H4 (II)

Si2CH5
+ (12) + SiH4 (16) f Si3CH9

+ (17) (III)

Selectivity in Gas-Phase Ion Chemistry Organometallics, Vol. 20, No. 22, 2001 4595
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reactants. The migrating hydrogen is at 1.665 Å from
C1 and at 1.574 Å from Si5 in TS-4, where the Si-Si
bond is disrupted and both Si atoms are connected to

the same hydrogen. The Si-Si bond is restored in
minimum 5 (Figure 3).

In the following step along the reaction coordinate one
hydrogen atom from the SiH3 group shifts to the central
allyl carbon in TS-6, 20.27 kcal mol-1 below isolated
reactants. The resulting closed structure 7 represents
the most stable isomer with formula Si2C3H9

+. Its
difference in potential energy with respect to isolated
reactant is -51.81 kcal mol-1. The vibrationally excited
7 leads, through TS-8, to the open-chain ion 9 at -17.54
kcal mol-1. Table 2 summarizes the differences in
potential energy of species 1 + 2 through 9. Cleavage
of the H2Si-CH2 bond in 9 gives the kinetic products
C2H4 (10) and 11 at 3.51 kcal mol-1 (Figure 4). Com-
pound 11 can thermally rearrange to the more stable
structure 12 (∆UZPE ) -4.91 kcal mol-1), bridging one
hydrogen between the two Si atoms. Two other isomers
of higher energy (13, 14, Table 3) are also reported in
Figure 4.

(b) Step II and III. To determine which of the
competitive processes II and III is favored, geometries

Table 1. Rate Constants for Reactions of SiC2H7
+, Si2C2H7

+, Si2C3H9
+, Si2C4H11

+, and Si3H5
+ with Propene in

Silane/Propene Mixturesa

ion products ions (rate constants, kexp) ∑kexp kcollisional
b efficiencyc

SiC2H7
+ SiC3H9

+ (4.8) 4.8 12.51 0.38
Si2C2H7

+ Si2C3H9
+ (2.4), Si2C3H11

+ (1.2) 3.6 11.61 0.31
Si2C3H9

+ Si2C4H11
+ (1.8), Si2C4H13

+ (1.3) 3.1 11.35 0.27
Si2C4H11

+ Si2C5H13
+ (1.2) 1.2 11.14 0.11

Si3H5
+ Si2C3H7

+ (0.76), Si3CH7
+ (1.1), Si3CH9

+ (1.1) 3.0 11.60 0.26
a Rate constants are expressed as 10-10 cm3 molecule-1 s-1; uncertainty is within 20%. b Collisional rate constants have been calculated

according to the ADO theory taking the polarizabilty (6.26 × 10-24 cm3) and dipole moment (0.366 D) of propene from: Maryott, A. A.;
Buckley, F. U.S. National Bureau of Standards Circular No. 537, 1953. c Efficiency has been calculated as the ratio kexp/kcollisional.

Figure 2. Isolated reactants Si2H3
+ (1) and C3H6 (2), their

adduct (3), and the transition structure for hydrogen
transfer from propene to the Si2H3 moiety (TS-4). Geom-
etries are optimized at the B3LYP/6-311G(d,p) level,
distances are in Å.

Figure 3. Isomers of adduct Si2C3H9
+ (5, 7, 9) and the

transition structures for cyclization (TS-6) and ring opening
(TS-8). Geometries are optimized at the B3LYP/6-311G-
(d,p) level, distances are in Å.

Table 2. Energies with Zero-Point Correction
(∆UZPE, kcal mol-1) Relative to Isolated Reactants
(Singlet Si2H3

+ and C3H6) of Transition Structures,
Intermediates, and Products (Si2CH5

+ and C2H4)a

species ∆UZPE species ∆UZPE

1 + 2 0.00 10 + 11 3.51
3 -25.95 10 + 12 -4.91
TS-4 -26.38 10 + 13 0.98
5 -49.95 10 + 14 11.06
TS-6 -20.27
7 -51.81
TS-8 -10.54
9 -17.54

a Energies are computed at the B3LYP/6-311G(d,p) level of
theory.

Figure 4. Products Si2CH5
+ (11-14). Geometries are

optimized at the B3LYP/6-311G(d,p) level, distances are
in Å.
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of clusters 15 and 17 have been optimized (Figure 5).
Both are below the potential energy of the corresponding
isolated reactants 12 and propene/silane (∆UZPE )
-24.89 and -10.97 kcal mol-1, respectively). The silicon
atom linked to CH3 in adduct 15 binds at 2.129 Å the
terminal C atom of propene. In 17 the cation Si2CH5

+

coordinates a hydrogen atom of SiH4 at 1.709 Å, with a
weaker binding energy of -11.0 kcal mol-1.

3.2.2. Reaction of Si3H5
+ with Propene. The reac-

tion of Si3H5
+ with propene follows a pathway similar

to the lighter ion Si2H3
+, forming Si3CH7

+ and ethene
through the adduct ion Si2C4H11

+, never observed
experimentally (reaction IV).

Product ions Si3CH7
+ react selectively in a subsequent

step with propene through the adduct Si3C4H13
+ in

reaction V, whereas the competitive process with silane
(reaction VI) does not take place.

(a) Step IV. Cation 18 binds to propene in the bridged
structure 19 (Figure 6), at -23.71 kcal mol-1 with
respect to isolated reactants. Two subsequent fast
hydrogen shifts (TS-20 and TS-22) afford complex 21
and cycle 23, at -49.65 kcal mol-1 (Figure 7). Ring 23
has thus enough vibrational energy to open via TS-24
to compound 25, where an ethene molecule bridges its
π system to the Si3CH7

+ cation (Figure 7, Table 3).
Separating the two fragments of cluster 25 yields the

kinetic product 26 at 3.81 kcal mol-1 (19.40 kcal mol-1

above 25), which in turn thermically rearranges to the
more stable 27 (-7.70 kcal mol-1, Figure 8, Table 3).

(b) Steps V and VI. In principle, product 27 is able
to bind to both propene and silane, as already seen for
compound 12. Through adducts 28 and 29, whose
geometries have been optimized, the two competitive
processes (Figure 8, Table 3) may propagate the polymer
increasing either its carbon or silicon content. In the
following section we estimate the relative entropies of
processes II versus III and V versus VI.

3.2.3. Competitive Clustering of Cations with
Silane or Propene. A silicon-containing cation a,
formed by the consecutive reaction I or IV, can in
principle react further either with propene (b′) or silane
(b′′), in the competitive processes.

Table 3. Energies with Zero-Point Correction
(∆UZPE, kcal mol-1) Relative to Isolated Reactants
(Singlet Si3H5

+ and C3H6) of Transition Structures,
Intermediates, and Products (Si3CH7

+ and C2H4)a

species ∆UZPE species ∆UZPE

2 + 18 0.00 10 + 26 3.81
19 -23.71 10 + 27 -7.70
TS-20 -23.71
21 -46.98
TS-22 -18.39
23 -49.65
TS-24 -11.09
25 -15.59

a Energies are computed at the B3LYP/6-311G(d,p) level of
theory.

Figure 5. Adducts of 12 with C3H6 (15, c′) and SiH4 (17,
c′′). Geometries are optimized at the B3LYP/6-311G(d,p)
level, distances are in Å. Energies are relative to the
isolated reactants propene + 12 and SiH4 + 12.

Si3H5
+ (18) + C3H6 (2) f Si3C3H11

+ (19-25) f

C2H4 (10) + Si3CH7
+ (26, 27) (IV)

Si3CH7
+ (27) + C3H6 (2) f

Si3C4H13
+ (28) f Si3C2H9

+ + C2H4 (V)

Si3CH7
+ (26) + SiH4 (16)f Si4CH11

+ (29) (VI)

Figure 6. Reactant Si3H5
+ and its adduct with C3H6 (19),

the transition structure for hydrogen transfer from propene
to the Si3H5 moiety (TS-20), and the isomer of adduct
Si3C3H11

+ (21). Geometries are optimized at the B3LYP/
6-311G(d,p) level, distances are in Å.

Figure 7. Isomers of adduct Si3C3H11
+ (23, 25) and the

transition structures for cyclization (TS-22) and ring open-
ing (TS-24). Geometries are optimized at the B3LYP/6-
311G(d,p) level, distances are in Å.

a + b′ f c′ (1)
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We want to determine which is actually favored. Since
the experiments described in this paper were carried
out at low concentrations of neutral reactants (ca. 10-9

mol‚L-1), the lifetime of complexes c′ and c′′ is much
shorter than the average time between collisions with
the buffer gas.16 In the virtual absence of collisions, the
energy accumulated in the adduct complex cannot be
equilibrated, and systems such as 15, 17, 28, and 29
may be considered isolated. Therefore, their absolute
entropies with respect to reactants a + b must be used
as criteria for their formation. To compute the difference
in entropy between product and reactants (∆S) in
reactions 1 and 2, first we note that the total energy is
conserved in the collision between species a and b. We
may write the conservation of energy as

In the above equation Ex indicates the sum of transla-
tional, rotational, and vibrational energy of species x
and ∆U the binding energy of the product cluster. The
reacting species are thermalized at temperature T0. We
can define the effective translational, rotational, and
vibrational temperatures of the cluster after the colli-
sion: Tt, Tr, Tv, respectively. The total entropy of the
species c may be expressed in terms of the effective
temperatures

where Tt, Tr, and Tv are in turn determined by the
energy of the corresponding contribution. In principle
we do not know how the total energy will be distributed
among Et, Er, and Ev. Consequently, we can only
calculate the effective vibrational temperature Tv for
each possible outcome of the translational energy Et )
(3/2)kTt, in the assumption that the rotational energy

before and after the collision has the average value
(3/2)kT0. Equation 3 takes the form

where ∂x ≡ ∂/∂x.
Equation 5 has been solved for Tv(Et) and the solution

used in eq 4. We can thus write in eq 6 the total entropy
of the cluster as a function of its translational energy:

The rotational and vibrational contribution to the total
entropy are expressed in terms of the corresponding
partition functions17 as

and

where

and

The quantities θr and θv in eqs 9 and 11 represent the
rotational and vibrational temperatures, respectively.
All partition functions have been evaluated in the rigid
rotor-harmonic oscillator approximation.

The effective vibrational temperatures of clusters with
lower potential energy with respect to isolated reactants
are considerably higher than the temperature of the
colliding fragments (Tables 4 and 5). This is also shown
in Figure 9a, where the effective temperatures of
clusters of type c′ (15, 28) and c′′ (17, 29) are plotted as
functions of their translational energies.

The differences Sc′ - Sc′′ for clusters 15, 17, and 28,
29 are reported in Figure 9b as functions of the
corresponding translational energies. The total entropy
of clusters c′ is always in excess with respect to clusters
c′′ by more than 20 cal mol-1 K-1. This result supports
the formation of the adduct with a propene molecule as(16) (a) Aschi, M.; Attinà, M.; Cacace, F.; D’Arcangelo, G. J. Am.

Chem. Soc. 1998, 120, 3982-3987. (b) Aschi, M.; Attinà, M.; Cacace,
F. Chem. Eur. J. 1998, 4, 1535-1541. (c) De Puy, C. H. Int. J. Mass
Spectrom. 2000, 200, 79-96.

(17) McQuarrie, D. A. Statistical Thermodynamics; University Sci-
ence Books: Mill Valley, CA, 1973; pp 133-136.

Figure 8. Isomers of product Si3CH7
+ (26, 27) and adducts

of 27 with C3H6 (28, c′) and SiH4 (29, c′′). Geometries are
optimized at the B3LYP/6-311G(d,p) level, distances are
in Å.

a + b′′ f c′′ (2)

Ea(T0) + Eb(T0) - ∆U ) Et(Tt) + Er(Tr) + Ev(Tv) (3)

S(Tt,Tr,Tv) ) St(Tt) + Sr(Tr) + Sv(Tv), (4)

9
2
NkT0 + NkT0

2[(∂Tzv(a)(T0))V

zv(a)(T0)
+

(∂Tzv(b)(T0))V

zv(b)(T0) ] -

∆U - Et - Ev(Tv) ) 0 (5)

S(Et) ) Nk ln(4πmEt

3h2 )3/2V
N

e5/2 + Sr(T0) + Sv[Tv(Et)]

(6)

Sr(T0) ) Nk(ln zr(T0) + T0

(∂Tzr(T0))V

zr(T0) ) (7)

Sv[Tv(Et)] ) Nk(ln zv(Tv) + Tv

(∂Tzv(Tv))V

zv(Tv) ) (8)

zr ) 1
σ( πT3

θr,1θr,2θr,3
)1/2

(9)

(∂Tzr)V ) 3
2

zr

T
, (10)

zv ) ∏
j)1

3n-6 e-θν,j/2T

1 - e-θν,j/T
(11)

(∂Tzv)V )
zv

2T2
∑
j)1

3n-6

θν,j
1 + e-θν,j/T

1 - e-θν,j/T
. (12)
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always more favorable than the corresponding formation
of the adduct with silane.

4. Conclusions

This investigation of gas-phase ion/molecule reactions
in silane/propene mixtures shows the complementarity
of experimental and theoretical methods to understand
the reactivity in gaseous systems. Formation of SimCn-
Hp

+ cluster ions, possible precursors of amorphous
silicon carbides, occurs through selective reactions of
propene with SixHy

+ charged species, from self-conden-
sation of SiH4, or with lighter silicon- and carbon-
containing ions. This selectivity was observed in the first
three reaction steps of primary ions of silane and has
been confirmed here up to the sixth reaction step. The

high entropy of the adducts formed in reactions with
propene molecules as neutrals is responsible for the
selectivity in the ion/molecule reactions of this system.
Absolute entropies and effective temperatures of ad-
ducts from two competitive reaction channels were
calculated from molecular partition functions. The
favored products exhibit the largest entropies and
temperatures, both significantly increased with respect
to the thermalized reacting fragments.
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Table 4. Electronic Energy Differences (∆U, kcal
mol-1) and Effective Vibrational Temperatures

(Tv, K) of Clusters Formed by Singlet Si2CH5
+ (12)

with C3H6 (2) and SiH4 (16) at 333 Ka

species ∆U Tv ∆Tb

2 + 12 0.00 333
15 -27.36 844 511
16 + 12 0.00 333
17 -13.10 640 307

a Results are computed at the B3LYP/6-311G(d,p) level of
theory, assuming Et ) (3/4)kT0(1 + 2µ) and Er ) (3/2)kT0 for
species 15 and 17. b ∆T represents the difference in temperature
between products 15 and 17 with respect to isolated reactants at
333 K.

Table 5. Electronic Energy Differences (∆U, kcal
mol-1) and Effective Vibrational Temperatures

(Tv, K) of Clusters Formed by Singlet Si3CH7
+ (27)

with C3H6 (2) and SiH4 (16) at 333 Ka

species ∆U Tv ∆Tb

2 + 27 0.00 333
28 -19.06 641 308
16 + 27 0.00 333
29 -6.48 448 115

a Results are computed at the B3LYP/6-311G(d,p) level of theory
assuming Et ) (3/4)kT0(1 + 2µ) and Er ) (3/2)kT0 for species 28
and 29. b ∆T represents the difference in temperature between
products 28 and 29 with respect to isolated reactants at 333 K.

Figure 9. (a) Effective vibrational temperature (Tv) of
clusters of type c′ (15 and 28, SimCHn

+‚C3H6) and of type
c′′ (17 and 29, SimCHn

+‚SiH4) (m ) 2, 3; n ) 5, 7) and (b)
their difference in entropy as a function of kinetic energy
(Et). The data have been computed assuming Er )
(3/2)kT0.

Selectivity in Gas-Phase Ion Chemistry Organometallics, Vol. 20, No. 22, 2001 4599

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 2
9,

 2
00

9
Pu

bl
is

he
d 

on
 O

ct
ob

er
 5

, 2
00

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
01

03
39

+


